particularly for complex traits". Accurate phenotyping of drought adaptation traits has been a key issue in breeding for drought tolerance (Serraj et al., 2003; Beebe et al., 2013; Blum, 2011; Mir et al., 2012; Tuberosa, 2012) . The time of day and plant growth stage must be considered when measuring drought response traits such as osmotic adjustment, stomatal conductance, total chlorophyll content (SPAD measurement), canopy temperature, and relative water content (RWC) . Given these constraints, extensively phenotyping only the extreme lines based on low and high yield performance under drought stress may help elucidate traits which condition drought tolerance in the larger population. Selective phenotyping has been reported as a tool for evaluating complex traits and mapping quantitative trait loci (QTL) in Brassica napus (Jestin et al., 2012) and pepper (Capsicum annuum) (Barchi et al., 2009) .
The methods for measuring phenotypic data are evolving fast as high-throughput phenotyping platforms become more readily available. Remote sensing is based on the spectral reflectance and radiation emittance from plant surfaces (Blum, 2011) and has been utilized for measuring canopy temperature, and visible-near infrared spectral reflectance. Normalized difference vegetation index (NDVI) is related to plant health. Based on wavebands in the visible and the near infrared regions, a higher NDVI reading is associated with greater vegetation and higher chlorophyll content, and has been reported as a useful trait for breeding under water stress in turfgrass (Poa pratensis L and Poa arachnifera Torr. ´ P. pratensis L.) (Merewitz et al., 2010) , rice (Oryza sativa L.) and wheat (Triticum aestivum L.) (Subash et al., 2011) , and maize (Zea mays) (Araus et al., 2008; Lu et al., 2011) . From push carts to unmanned aerial vehicles (UAVs), there are numerous approaches for obtaining phenotypic data on numerous plots within large field experiments. The instrumentation that accompanies these vehicles is also rapidly evolving for measuring plant greenness, canopy water content, plant biomass, canopy height, and phenology (White et al., 2012; Sankaran et al., 2015b) . The application of UAV-enabled remote sensing can reduce the genotypephenotype throughput gap and improve phenotyping accuracy necessary to develop drought related markers.
A recent genomic revolution in bean has provided a 5398 SNP bead chip (Song et al., 2015) and a gene annotated reference genome sequence (Schmutz et al., 2014; www.phytozome.net) . These resources and technologies like GBS (genotyping by sequencing), WGS (whole genome resequencing) and RNA sequencing can be used to enhance genetic analyses and facilitate physical mapping of the targeted traits. To save on genotyping costs, DNA pools consisting of lines within a segregating population representing the phenotypic extremes have been assayed (bulked-segregant analysis [BSA] ; Michelmore et al., 1991) to identify markers linked with a specific gene (Felicetti et al., 2012) or QTL (Miklas et al., 2006) in dry bean. A related method used for mitigating costs associated with QTL mapping was selective genotyping (Darvasi and Soller, 1992) . Otherwise known as trait-based marker analysis (Lebowitz et al., 1987) or distribution extreme analysis (Lander and Botstein, 1989) , by selectively genotyping individuals from a population that represented the phenotypic extremes (or tails), costs could be reduced. The potential disadvantages are overestimation of QTL effects and the potential need to reformulate selected genotypes for each trait studied (Tanksley, 1993) . Nonetheless, unlike selective phenotyping, selective genotyping has been utilized extensively in plant breeding over the past decade.
In the current study, a subset of lines representing the phenotypic extremes from a whole recombinant inbred line (RIL) population were selected for a more thorough assessment of drought related traits. Furthermore, we sought to conduct extensive phenotyping of the phenotypic extremes to validate and further characterize two major QTL for yield under multiple stress and drought identified by Trapp et al. (2015) .
MATERIALS AND METHODS

Plant Material
Forty lines representing the extreme phenotypes for multiple stress and drought response as measured by yield performance were selected from an original population 'Buster' ´ 'Roza' consisting of 140 F 7:9 RILs previously tested across seven environments (Trapp et al., 2015) . The extreme phenotypes, that is, the 20 most tolerant and the 20 most susceptible RILs, were selected based on high vs. low yield performance in three multiple stress and four terminal drought stress trials (Trapp et al., 2015) .
Field Conditions and Phenotyping
Multiple Stress Site
Experiments under multiple stress (MS) for this study were conducted in 2013 and 2014 on the 'purgatory plot' at the Washington State University, Roza Research Farm in Prosser, WA, which is located at 46°29¢ N, -119°73¢ W and has a Warden soil (coarse-silty, mixed, superactive, mesic, Xeric Haplocambid). An average rainfall of 51 mm (Hoogenboom, 2014) and mean temperature of 20.6°C during the growing season (May-August) provides exceptional conditions for drought tolerance testing. Each year, 40 Buster´ Roza RILs (20 most tolerant and 20 most drought susceptible) and parents and checks were planted in a 7 ´ 7 lattice design with three replications. Trials were planted mid to late May. A plot consisted of one row of 3-m length in 2013. A spacing of 0.6 m between rows was used. Target seeding rate was 285,000 plants ha -1 . A four-row plot with the same row spacing, length, and seeding rate was used in 2014. Due to space limitations, only the stress treatment was planted each year. Multiple stress was generated by compacted soils due to reduced tillage practices, low soil fertility (<10 mg P kg -1 , and <30 kg N ha -1 [available N]), and intermittent drought stress imposed by only applying approximately 25 mm of water by overhead irrigation via hand-lines every 8 to 10 d post stand establishment. This represented about 30% of the rate of evapotranspiration during the same time period (Hoogenboom, 2014) . HM, DSF, SW, and SY at Othello and Mitchell in both years. PW was determined in 2014 only. To assess line yield response across NS and DS environments, the geometric mean (GM), the drought susceptibility index (DSI), and the drought intensity index (DII) were calculated as GM ( )( )
where Y s is the mean seed yield of a line under DS and Y i is the mean yield of the line under NS (Schneider et al., 1997) (Fischer and Maurer, 1978) .
Aerial High-Resolution Images
A UAV (HiSystems GmbH, Moormerland, Germany) with modified digital camera (XNiteCanon SX230 NDVI, LDC, Carlstadt, NJ) collected high-resolution multispectral images to estimate NDVI and canopy area at R3 and R5 growth stages. Details regarding the camera, radio controller, and UAV used in this study can be found in Sankaran et al. (2015a) . Image analysis was performed to estimate the average NDVI and canopy area in the imaged study area. The feature extraction algorithms were developed using ImageJ (Schneider et al., 2012) and Matlab (v. R2009b, MathWorks, Natick, MA) . Initially, the images were converted to NDVI image, using the green and near-infrared bands (Sankaran et al., 2013) . Following this, the locations of the individual plots were registered and data were saved. For extracting NDVI data for individual plots, a window (39 ´ 27 pixels) covering the central region of the plot was selected and average NDVI was calculated. In regard to canopy area data, a threshold of 0.04 was used to remove the soil background, and number of pixels within the plot area with NDVI >0.04 was calculated.
Statistical Analyses
The multiple stress trials (Prosser, WA) were analyzed separately from the terminal drought trials (at Othello,WA, and Mitchell, NE) by PROC Mixed (SAS Institute, 2008) . Environment, replication, and blocks were fit as random effects and genotype and treatment as fixed effects. Least square means were determined for all traits. Phenotypic correlations between pairs of traits were calculated with least square means from the combined analyses using the PROC CORR Spearman procedure of SAS. The trait means for the DS and NS treatments for the terminal drought trials are reported separately. Associations of significant SNP markers with specific traits were reconfirmed using simple and multiple regression analysis (PROC REG).
Of the 19 traits measured, canopy temperature, SPAD, and nine root traits were not measured in 2014 due to insignificant results obtained in 2013, and therefore these 12 traits were omitted. In 2013, shoot biomass (BMWT, kg ha -1 ) was estimated from 2.4 m of the row at harvest. Plants were cut at soil level and weighed prior to threshing. Other traits measured included days to flower (DF), days to harvest maturity (HM), days to seed fill (DSF; DSF = HM − DF), seed weight (SW, g 100 seed In 2014, DF, shoot biomass estimated using a visual rating (BMRT), HM, DSF, PW, SW, and SY data were obtained. Instead of weighing the biomass for each plot in 2014, which is cumbersome for a large number of plots, we estimated the amount of biomass visually using a scale from 1 to 9 (Fig. 1) . The biomass scale BMRT incorporates visual inspection of row closure and density of the canopy, where 1 = complete row closure and densest canopy with minimal porosity, 3 = 75% closed rows and dense canopy allowing 25% light penetration, 5 = 50% closed rows and 50% light penetration, 7 = 25% closed rows and 75% light penetration, and 9 = no canopy to estimate biomass at mid pod-fill. Prior to 2013 and 2014, SY was the only trait measured on the purgatory plot for the entire Buster ´ Roza mapping population.
Drought Stress Sites
Terminal drought stress trials were conducted at the Washington State Univ., Research Farm in Othello, WA (in 2014) and Univ. of Nebraska, Research Station in Mitchell, NE (in 2013 and 2014) with the phenotypic extreme subsets from the Buster ´ Roza RIL population as above. Othello is located at 46°49¢ N, -119°10¢ W and has a Shano soil (coarse-silty, mixed, superactive, mesic, Xeric Haplocambid). The average rainfall is 64 mm and the mean temperature is 20°C during the growing season. Mitchell is located at 41°57¢ N, -103°42¢ W, has a Mitchell soil (coarse-silty, mixed, superactive, calcareous, mesic, Ustic Torriorthent), an average rainfall of 203 mm, and a mean temperature of 19°C during the growing season. The experiment consisted of 40 RILs and parents in a randomized complete block design with two replications and the non-stress (NS) and drought stress (DS) treatments planted side by side. At Othello, lines were planted in four-row plots, with 3-m length and 0.6-m row spacing. The Mitchell trials were planted in two-row plots, with 7.6-m length and 0.6-m row spacing. Planting density was 285,000 seeds ha -1 . Trials at both locations used furrow irrigation. Both treatments were watered on a regular schedule until flowering (R1 growth stage) when terminal drought was simulated by ceasing irrigation for the DS treatment. Conversely, the NS plots received four to six more irrigations after flowering. Four-and eight-row buffers were planted the length of the field between treatments to reduce the lateral movement of irrigation water between the NS and DS plots. Soil water content was measured at Othello (Neutron Probe, Campbell Pacific Nuclear 503DR, Martinez, CA) and Mitchell (Watermark probe, Spectrum Technologies, Aurora, IL) at three depths (23, 46, and 76 cm) below the soil surface, three times during the growing season: after the first irrigation to determine field capacity (R1), at mid-pod fill (R4-5), and at harvest maturity (R9). Data were obtained for DF, 
Genotyping, Mapping, and QTL Analyses
The genotypic data and genetic linkage map reported by Trapp et al. (2015) for the Buster ´ Roza RIL population was used. However, only the genotypic marker data for the 40 RILs representing the phenotypic extremes were used for QTL analysis conducted using composite interval mapping (CIM) with QGene 4.0 (Joehanes and Nelson, 2008) . A 1000-permutation test was used to set a significant QTL threshold at the 0.01 level of probability to determine the significant LOD level for declaration of a QTL. Estimates of the phenotypic variation (R 2 ) explained by the individual QTL and the effect of substituting one allele for the other were also determined in QGene. The marker within the QTL peak with the highest R 2 and P ≤ 0.01 was used to define the genomic position of the QTL. Identified QTL were named according to guidelines for QTL nomenclature (Miklas and Porch, 2010) . Note that SNP names are truncated from the NCBI numbers which contain the prefix ss7156.
RESULTS
Climatic Conditions
Low precipitation across the five separate trials provided the opportunity to develop drought stress by limiting or terminating irrigation (Table 1 ). In 2013, and at Othello in 2014, the majority of the rainfall from May through September occurred prior to flowering which allowed, at minimum, moderate drought stress. The average soil moisture content as measured by neutron probe across eight sites and three depths (22, 45, and 75 cm) was 55% less in the terminal drought versus non-stress treatments at Othello. For Nebraska, an accurate soil moisture reading was not obtained either year. In 2013, 71 mm of rainfall accumulated during the growing season; however, less than half of this precipitation occurred after flowering. Even so, a low drought index was achieved (0.2). In 2014, more than half of the accumulated rainfall occurred between flowering and harvest and a low to moderate drought intensity index of 0.3 was still obtained.
Seed Yield and Seed Weight
Multiple Stress Parents and groups differed for SY both years (Table 2) . Buster yielded only 25% of Roza, and the tolerant group yielded 36% more than the susceptible. There was more stress in 2014 as indicated by lower yield compared to 2013. For SW there was no significant difference between parents in 2013 or 2014. The susceptible group had a significantly lower SW (P < 0.01) than the tolerant group in 2014.
Terminal Drought Stress
At Mitchell in 2013, there was no significant difference for SY between the parents. There was a significant group Table 1 . Temperature and precipitation data recorded during the growing season from May through September including maximum, minimum, and average temperatures (°C), total precipitation (mm), precipitation between planting to flowering (from DAP to DF), precipitation from flowering to harvest (from DF to HM), and the drought intensity index (DII). significantly larger for the susceptible lines under nonstress and drought stress (P < 0.001). A higher level of drought stress (DII = 0.5) was achieved at Othello in 2014. Roza yielded 85% more than Buster under DS and only 7% more under NS. Significant differences for SY were observed between the tolerant and susceptible groups (Table 3) . For SY under DS the tolerant effect (P < 0.001) and a group by treatment interaction (P < 0.05) as the difference between the tolerant and susceptible group under well-watered conditions was 154 kg ha -1 compared to 1836 kg ha -1 under DS. At Mitchell in 2014, the DII was slightly greater than 2013 (0.3 versus 0.2) and the drought tolerant group out-yielded the susceptible group by 25%. For both years seed size was ** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level. † GT, Group ´ Treatment. ‡ ns, not significant. § NDVI, normalized difference vegetation index.
group had 43% and susceptible group 63% less yield compared to SY under NS. The tolerant group exhibited a greater difference for SW (39 and 43 g 100 seeds -1
, respectively) between NS and DS than the susceptible group.
Remote Sensing NDVI and Canopy Area
Terminal Drought Stress During the cropping season at Othello in 2014, a multispectral aerial image was acquired to capture greenness (NDVI) and canopy area (reported below). Aerial images were taken with the multiband camera at mid (R3) and late pod fill (R5) growth stages. Figure 2a shows the entire drought study under low resolution, and Figure 2b is a high-resolution image of the selected lines from the Buster ´ Roza mapping population. The plots were segmented into rectangular regions during image processing for feature extraction (NDVI, canopy area). Buster and Roza differed significantly (P < 0.05) for NDVI at the R3 stage under DS only. Correlations with the remote sensing data were analyzed with and without separation into the tolerant vs. susceptible groups. Ungrouped correlation coefficients for NS and DS are reported in Supplemental Tables S1 and S2, respectively. Ungrouped, more greenness (NDVI) was related to increased SY under DS (R3, r = 0.76, P < 0.001) and with phenology traits including later DF (R3, r = 0.43, P < 0.01; R5, r = 0.61, P < 0.001), later HM (R5, r = 0.62, P < 0.001), and decreased DSF (R3, r = -0.44, P < 0.01). Lower PW (better partitioning) was associated with more greenness (r = -0.31, P < 0.05 to r = -0.73, P < 0.001) under DS and NS. More biomass was correlated with higher NDVI at R3 (r = -0.74, P < 0.001 and r = -0.67, P < 0.001) and R5 (r = -0.60, P < 0.001 and r = -0.63, P < 0.001) respectively under DS and NS.
By group, the tolerant group had higher NDVI values for both treatments. More greenness (NDVI, R3) within the tolerant group correlated with increased SY under DS (r = 0.64, P < 0.01). For the susceptible group, more greenness NDVI (R3) was related to greater SY under NS and DS (Table 4 ). Higher NDVI measured during the second reading (R5) was correlated with later DF and HM for the tolerant and susceptible groups under NS and DS (Fig. 3) .
Canopy area estimated from aerial images at both growth stages was greater at R5 (Table 3) . Increased canopy area at R3 was associated with higher seed yield (r = 0.31, P < 0.05) and later DF (r = 0.31, P < 0.05), and at R5 was associated with later DF (r = 0.52, P < 0.001) and HM (r = 0.43, P < 0.01) under DS (Supplemental Table  S2 ). More efficient pod wall partitioning was associated with increased canopy area at R3 (r = -0.45, P < 0.01) and R5 (r = -0.42, P < 0.01) under DS. Biomass (BMRT) only correlated with canopy area at the R3 stage under NS (r = -0.36, P < 0.05) and under DS at R5 (r = -0.59, P < 0.001). The canopy area measurements at the R5 stage significantly correlated with the biomass 1 to 9 rating (BMRT) under the DS treatment within the susceptible group (r = -0.72, P < 0.001) (Supplemental Table S3 ).
Pod Wall Ratio and Biomass
Multiple Stress Buster and Roza differed significantly for PW (P < 0.05) in 2013 but not 2014. The differences for PW between groups were highly significant both years (Table 2) . But the association of increased SY with better pod partitioning was consistent across years for both groups, except for the non-stress treatment in Mitchell, NE, for the tolerant group (Table 4) . Although the methodology (harvest weight versus the 1 to 9 scale) for estimating biomass was different between years, the findings were similar with highly significant differences (P < 0.001) in biomass observed between parents and groups. Associated with increasing yield was increased biomass based on actual weight (kg ha -1 ) within the tolerant group (r = 0.64, P < 0.001) and susceptible group (r = 0.85, P < 0.001) of lines (Supplemental Table S4 ). In 2014, more biomass (indicated by lower scores) in the tolerant group was associated with higher SY (r = -0.47, P < 0.05) but the correlation was not as high, perhaps due to the different method used for obtaining the data (Table 4) . (Table 3) . Conversely, at Othello, there was a significant difference between parents (P < 0.01) under DS only. For groups, the difference for PW between treatments was larger for the susceptible group (0.07) than for the tolerant group (0.02).
Terminal Drought Stress
Of all traits in 2014, lower PW indicative of increased partitioning from pod walls to seeds had the greatest association with increased SY across trials and groups (Table 4) . The strongest association observed between lower PW and increased SY was for the tolerant group under DS at Othello in 2014 (r = -0.71, P < 0.001).
In 2013, plant biomass was not evaluated under terminal drought stress. There was a significant (P < 0.001) difference between Buster and Roza and the susceptible group averaged less BMRT (3.7) than the tolerant group (2.6) in 2014 (Table 3) . Increased BMRT (lower scores) was associated with higher yield for the tolerant group under DS (r = -0.50, P < 0.05) and the susceptible group under NS (r = -0.59, P < 0.01) ( Table 4) .
Phenology Traits
Multiple Stress For 2013, DF differed significantly (P < 0.01) between Buster and Roza as well as the tolerant and susceptible groups (P < 0.001). No significant difference was observed for HM and DSF between the parents either year; however both traits did differ (P < 0.05) between the tolerant and susceptible groups in 2014 (Table 2) . Within the tolerant group of lines increasing SY was related to earlier HM (r = -0.52, P < 0.01) and shorter DSF (r = -0.47, P < 0.05) (Supplemental Table S4 ).
Terminal Drought Stress
Overall, Buster flowered and matured earlier, and had fewer DSF than Roza in NE 2013. Likewise, the susceptible group followed suit compared to the tolerant group for all three traits (Table 3) . No phenology traits measured under DS correlated with SY; however under NS, later DF (r = 0.57, P < 0.05), later HM (r = 0.85, P < 0.01), and more DSF (r = 0.59, P < 0.01) correlated with increased SY in the susceptible group and more DSF (r = 0.49, P < 0.05) was related to increased SY in the drought tolerant group (Supplemental Table S5 ). At Mitchell in 2014, only DF differed (P < 0.05) between parents and there was a significant group effect (P < 0.001) for DF, HM, and DSF. The tolerant group flowered one day later and reached harvest maturity later than the susceptible group (Table 3) . PW was the most significant correlation with SY under DS and NS (r = -0.71, P < 0.001 and r = -0.65, P < 0.001, respectively) and was only correlated for the tolerant group under DS (r = -0.59, P < 0.001) ( Table 4) .
At Othello in 2014, the parents differed (P < 0.05) for DF and DSF and there was a genotype ´ treatment interaction for the groups regarding DF, HM, and DSF (P < 0.01) ( Table 3 ). The greatest differences between treatments occurred in the susceptible group (HM was 7 d later and DSF 7 d greater duration under DS). On average, the tolerant group had shorter days to seed fill than the susceptible group (Table 3) .
QTL Mapping with Extreme Phenotypes
The major QTL for SY (SY1.1, SY2.1, and SY5.1), identified by Trapp et al. (2015) , were also observed for the 40 RILs representing the phenotypic extremes in the 2013 and 2014 multiple stress and terminal drought trials (Table 5 ). Each SY1.1 and SY2.1 had more consistent expression under terminal drought stress than was observed previously. One additional QTL for seed yield, SY3.1 BR , was identified on chromosome Pv03 and was detected only under terminal drought stress (R 2 = 32.2%). The minor effect QTL for yield SY5.1 BR , previously found in Nebraska 2011 under non stress was similarly only detected at Mitchell in 2013 under NS.
Likewise, the phenology trait QTL for DF, HM, and DSF, were found to co-segregate with SY1.1 (DF1.2 HM1.1, DSF1.1) and SY2.1 (DF2.1, HM1.2, and DSF2.1) confirming the importance of phenotypic plasticity for yield response under stress (Trapp et al., 2015) .
A preliminary QTL for harvest maturity HM1.2 BR was associated with DF1.1 identified in the previous study.
Of the three previously identified QTL for SW (SW2.1 BR , SW8.1 BR , SW8.2 BR ) only SW2.1 was clearly identified using extreme phenotypes in 2013 and 2014.
Three traits not previously mapped using the Buster ´ Roza whole mapping population, PW, BMRT, and NDVI (R3), also mapped to the major SY1.1 and SY2.1 QTL regions using the phenotypic extremes. PW1.1 BR had the highest range of any drought related trait (R 2 of 35-52%). An additional significant QTL (46%) for PW was located near SNP47282 (37.8 Mb) on Pv01 (PW1.2 BR ) but was only detected in one environment, MS in 2014. Regardless of the methodology behind biomass data collection, weight at harvest maturity in 2013 trials, or a 1 to 9 visual scale at the R5 stage in 2014 trials, both estimates mapped to the same QTL, BMWT2.1 BR , accounting for 33 and 24% of the variation (Table 6 ). The QTL for NDVI (at R3 growth stage) mapped to Pv01 (56.9 Mb) under NS and DS (R 2 = 28 and 39%, respectively) and to Pv02 near the SY2.1 QTL under DS only (R 2 = 27%).
DISCUSSION
Precise phenotyping is essential to plant breeding. In this study, the 20 most tolerant and 20 most susceptible RILs from a recombinant inbred population (Buster ´ Roza) were used to facilitate evaluation of 19 potential drought specific traits, of which eight of the most significant were reported, for response to multiple stress and terminal drought stress in multiple environments. An accurate evaluation of the aforementioned traits would not have been possible for the whole mapping population of 140 RILs, because many traits are time sensitive measurements confounded by slight changes in temperature, sun inclination, and cloud cover. Moreover, plant growth stage may confound measurement of these traits necessitating staggered data collection to obtain meaningful data; phenology traits, for example. Likewise, root traits are best phenotyped during flowering to best capture differences before senescence. Root traits were not related to performance in any stress or non-stress trials in this study. Conversely, several studies (White and Castillo, 1992; Beebe et al., 2013) have reported on the significant role of root traits for adaptation to water stress in common bean. Although, a direct comparison with field studies using grafting and greenhouse methods is arguable, the fact that plants can manage water stress by avoiding drought by deeper rooting has been recognized in the field for rice (Henry et al., 2011) and soybean (Glycine max) (Fenta et al., 2014) . Similarly, tepary bean (Phaseolus acutifolius), one the most drought tolerant relatives of common bean, exhibits a deep rooting pattern . The parents had similar root phenes in this study which makes it plausible that root traits do not represent important components of stress tolerance in the Buster ´ Roza population. However, deep excavation of roots was not conducted, so deep rooting measurement in the Buster ´ Roza RIL population may represent an important followup study.
Canopy temperature and SPAD readings did not have a consistent relationship with yield performance within or between groups. Conversely, other studies indicated efficacy using infrared thermometry in phenotyping for drought stress in common bean as well Trapp et al. (2015) using the 20 most drought tolerant and 20 most susceptible lines extracted from the Buster ´ Roza RIL population, phenotyped across environments consisting of three locations: Prosser, WA (P_2013, P_2014), Othello, WA (O_2014), and Mitchell, NE (M_2013, M_2014) and three treatments: multiple stress (MS), drought stress (DS), and non-stress (NS). 2.1 27.0 0.4 † Abbreviations in QTL names: SY, seed yield; DF, days to flowering; HM, days to harvest maturity; DSF, days to seed fill; SW, seed weight. ‡ LOD, logarithm of odds. LOD thresholds (LOD TH) were calculated via 1000 permutations at P = 0.01. § Additive value represents effect of the Buster allele on the trait. ¶ SNP names are truncated from the NCBI number which uses the prefix ss7156. # QTL significant at P < 0.05 and only reported if an additional trait was significant at the same location at P < 0.01.
as wheat (Olivares-Villegas et al., 2007) and rice (Takai et al., 2010) . also found consistent QTL for SPAD reading in the DOR364/BAT477 RIL population, but the correlations between both measured traits and seed yield in common bean were insignificant or inconsistent. Lack of a cooler canopy or more leaf greenness for the tolerant group in this study suggests these traits do not contribute to drought response in the Buster ´ Roza population. It is possible that the CT and SPAD measurements were affected by other environmental factors. Canopy temperature data were obtained with a hand-held infrared thermometer, and care was taken to avoid cloudy days and exposed soil. Similarly SPAD was measured with a hand-held meter and the sample area is limited to a small area (3-4 mm) of each leaf. Perhaps aerial imaging will provide a more efficient means of measuring such time intensive and sensitive traits in the future.
Alternative to hand held devices, UAVs can carry high quality instrumentation and capture data quickly and consistently. Aerial imaging can capture data from a large number of plots within a few minutes reducing micro-environmental variability, whereas it can take several hours or days to obtain similar data with handheld devices. We used remote sensing to measure greenness and canopy area in the terminal drought study at Othello, WA, in 2014. With one year of preliminary remote sensing data, we were able to measure differences within and between groups, and observe correlations with yield and partitioning traits. Significant correlations were observed for NDVI with SY and PW under DS in the tolerant group. For the susceptible group, NDVI and SY were correlated under both NS and DS. Moreover, QTL were detected for NDVI (R3) using phenotypic extremes. Canopy area estimated at R5 growth stage was related to BMRT which suggests aerial imaging may have a role for estimating biomass in dry bean in the future.
The partitioning trait PW, as well as biomass (BMWT or BMRT), were consistently associated with seed yield across multiple stress and terminal drought stress trials. The association of seed yield with increased plant growth and efficient partitioning is unsurprising and has been reported in common bean for decades (Adams, 1982; Wallace and Masaya, 1988; Kelly et al., 1998) . Assefa et al. (2013) also observed significant correlations between PW Table 6 . Preliminary QTL detected for drought related traits not previously studied in the entire Buster ´ Roza mapping population, using the 20 most drought tolerant and 20 most susceptible RILS evaluated across environments consisting of three locations: Prosser, WA (P_2013, P_2014), Othello, WA (O_2014), and Mitchell, NE (M_2013, NE_2014) and three treatments: multiple stress (MS), drought stress (DS), and non-stress (NS) in 2013 and 2014. HM, days to harvest maturity; PW, pod wall ratio; BMRT, biomass rating; BMWT, biomass weight; NDVI, normalized difference vegetation index. ‡ LOD, logarithm of odds. LOD thresholds (LOD TH) were calculated via 1000 permutations at P = 0.01. § Additive value represents effect of the Buster allele on the trait. ¶ SNP names are truncated from the NCBI number which uses the prefix ss7156.
# QTL significant at P < 0.05 and only reported if an additional trait was significant at the same location at P < 0.01.
and seed yield and suggested PW could be used to select drought tolerant genotypes. The important relationship between biomass accumulation and partitioning in breeding for yield under multiple and terminal drought stress is affirmed in the Buster ´ Roza RIL population.
Another partitioning trait, shorter DSF under stress, may be the most important factor contributing to higher seed yield in the Buster ´ Roza population as observed by Trapp et al. (2015) and again in this study. Selective genotyping with the extreme phenotypes further supports the important relationship of efficient photosynthate accumulation and partitioning to yield under drought stress because BMRT1.1 and PW1.1 QTL co-located with the same QTL for SY1.1. Previous studies reported QTL for pod wall partitioning Mukeshimana et al., 2014) and biomass (harvest index; on Pv01.
Studies under multiple stresses and terminal drought are difficult to manage to obtain the same level of stress each year. The parents and groups responded differently between years on the purgatory plot because the level of multiple-stress differed and was much greater in 2014. There was little difference for phenology traits between the parents in either year but the greater stress in 2014 decreased maturity and DSF. The same trend occurred for the groups but maturity and DSF decreased more for the susceptible group in comparison to the tolerant group. For the terminal drought studies, less stress in the NE trials as indicated by lower DII likely contributed to the differential response of the parents and groups among trials. Generally, Buster compared to Roza, and the susceptible group compared to tolerant group, had decreased maturity and DSF in NE trials for DS and NS. Conversely, increased maturity and DSF was observed for the susceptible group under the 2014 (Othello, WA) environment with the higher level of terminal drought stress.
In addition to allowing a broader survey of drought related traits, selective phenotyping provided validation and further characterization of previously identified QTL and enabled detection of a few novel QTL. There is potential for using selective phenotypes as a preliminary step to identify relevant traits; however, it is important to recognize that increased false positives and inflated associations are a consequence of mapping with reduced population sizes and phenotypic extremes. Nonetheless, using the phenotypic extremes, two major yield QTL SY1.1 BR and SY2.1 BR previously identified using the entire Buster ´ Roza mapping population were similarly detected under MS, DS, and NS. The SY QTL were consistently expressed under DS confirming their role in drought tolerance. Two new traits, PW and biomass, both co segregated with these major QTL for seed yield. Given the importance of biomass accumulation in breeding for drought tolerance it is worth emphasizing that both methods (BMWT and BMRT) for estimating biomass mapped to SNP40055 under multiple stress and had similar correlations to SY. Using a visible scale (1 to 9) to estimate biomass versus waiting until harvest to obtain actual weight is less laborious and enables earlier discernment in the growing season, providing more efficient use of time and resources. Further refinements and additional experience using the visual scale may be necessary to better predict biomass as determined by weight. In addition, there is an exciting potential for remote sensing to measure biomass, leaf greenness, and canopy temperature in the future.
In summary, by selecting a smaller set of lines representing the phenotypic extremes (tails) from a larger recombinant inbred population, more drought related traits were evaluated and the traits most relevant to the population were identified enabling a more focused study on those select traits in subsequent trials. Selective genotyping with the phenotypic extremes was useful for validating and characterizing previously identified QTL, and provided a first step toward the discovery of novel QTL. Overall, the findings support selective phenotyping as a tool for determining key traits related to drought stress paired with selective genotyping to reduce costs associated with genetic mapping and gene discovery in water limited environments.
Supplementary Material Available
Correlations among all traits by treatment, location, and year are available in supplemental tables available with the online version of this article.
Supplemental Table 1 . Partial Pearson correlation coefficients (r) for the eight most significant traits from the most drought tolerant and susceptible lines extracted from the Buster x Roza RIL population measured under non-stress Othello, WA, 2014, ungrouped. *, **, *** represents significance at 0.05, 0.01, and 0.001 levels of probability, respectively. 0.67*** -*, **, *** represents significance at 0.05, 0.01, and 0.001 levels of probability, respectively.
